The virus family Filoviridae includes 2 genera, the Marburg viruses and the Ebola viruses. The ecology of the filoviruses is poorly known, and indeed their host relationships remain completely unknown. An earlier effort prioritized mammalian taxa as to their possible status as the long-term coevolved reservoir of the filoviruses based on a coarse, regional classification of occurrences; here, we greatly refine the geographic data set for the mammalian taxa based on rich occurrence data sets and range interpolations from ecological niche models for each species involved. This improved detail permits a much more detailed inspection of distributional overlap patterns, and consequently a shorter list of candidate taxa-geographic analysis of 124 mammalian clades led to identification of 55 groups of interest that coincide spatially with known filovirus outbreaks, and fulfill the requirements of several additional assumptions. We discuss implications of our results for the search for the filovirus reservoir, and for research in African mammalogy.
Disease associated with members of the virus family Filoviridae has emerged sporadically since 1967, when Marburg virus caused an outbreak of hemorrhagic disease associated with exposure to primates imported (probably from Uganda) into Germany. Marburg and Ebola viruses have subsequently caused isolated cases or epidemics of hemorrhagic fever in humans or nonhuman primates across Africa (Anonymous 1978a (Anonymous , 1978b (Anonymous , 2001 Formenty et al. 1999; Georges et al. 1999; Gradon 2000; Heymann et al. 1980; Khan et al. 1999; Lahm et al. 2007; Leroy et al. 2002; Locsin 2002; Locsin and Matua 2002; Oyok et al. 2001a Oyok et al. , 2001b Weir 2001; Zeller 2000) and elsewhere when infected primates were moved for commercial purposes (Joffe and Haarhoff 2002; Kilpatrick 2001; Miranda et al. 1999; Rollin et al. 1999) .
Given the high mortality associated with disease caused by filoviruses, considerable interest has focused on the identity of their sylvatic reservoir or reservoirs, here defined as the set of populations of animals or plants that sustains the pool of virus from which infections in humans and other primates have derived (Haydon et al. 2002) . Several suites of tools have been brought to bear on this question. Field epidemiological studies of filovirus outbreaks (Balter 2000; Conrad et al. 1978; Miranda et al. 1999; Monath 1999; Morvan et al. 2000; Murphy et al. 1990; Peters et al. 1993; Tucker et al. 2002; Weber and Rutala 2001) have been limited by the early deaths of primary human cases (who might otherwise have been able to recount their activities), but have established that filovirus infections from the natural reservoir occur in rural situations, outside of domiciles, and that single persons have usually been the initiation of outbreaks, which argues against involvement of arthropod vectors in the transmission process.
Further work has included laboratory tests of effects of infection on potential hosts (Chepurnov et al. 2001; Schou and Hansen 2000; Swanepoel et al. 1996; Turell et al. 1996) . These studies appear to have established that no trace of successful infection and viral replication exists in inoculated plants and invertebrates (Swanepoel et al. 1996; Turell et al. 1996) ; that reptiles and birds show limited (if any) ability to be infected (Swanepoel et al. 1996) ; and that bats at least can become infected without developing frank disease, and can at least in some cases develop viremia (Swanepoel et al. 1996) . However, conclusions from inoculation experiments have been limited because few species occurring in central Africa have been tested, no individuals from filovirus-endemic regions of central Africa have been tested, and some major mammal clades (e.g., Soricidae) have never been tested.
Finally, searches have been conducted for natural virus infections among animal species in localities where outbreaks have occurred (Germain 1978; Leirs et al. 1999; Leroy et al. 2005) . Although these studies have resulted in thousands of individuals of more than 130 species of mammals being tested for filovirus infection (Peterson et al. 2004b) , unambiguously positive results have been elusive (see ''Discussion''). These searches have been based on convenience sampling of mammalian taxa, taking species that end up in traps and nets set in areas of interest, rather than focusing on full representation of the mammalian fauna or of a shorter list of priority taxa (Peterson et al. 2004b ). As such, many species have been unnecessarily oversampled and many taxa of interest have not been sampled adequately or at all. This paper constitutes a 3rd step in an effort to marshal a new suite of tools and approaches for improving the probability of identifying the natural reservoir(s) of filoviruses. A 1st step involved detailed characterization of the geography and ecology of filovirus disease occurrences (Peterson et al. 2004a (Peterson et al. , 2006 . A 2nd step was to assess all mammal ''clades'' in the African mammal fauna for crude regional distributional coincidence with the 4 African filovirus species, distributed in western (Ebola Ivory Coast), central (Ebola Zaire), and eastern (Ebola Sudan and Marburg) Africa. This latter analysis resulted in identification of a set of mammalian taxa as potential filovirus reservoirs (Peterson et al. 2004b) , but suffered from imprecise definition of distributional areas for mammalian taxa.
As such, this study aims to improve over the previous analysis in several ways. First, because of the lack of precise, compiled distributional data on central African mammals, the geographic filter used was quite coarse, asking, for example, if the clade has a representative in West Africa, rather than specifically whether the clade is represented along the Ivory Coast-Liberia border, where Ebola Ivory Coast occurs. Review of mammal collections and specimen records from many of the major African mammal collections of the world has allowed us to define much more precisely the distributions of many African mammalian taxa. Second, our assumptions about the age of the filovirus radiation may have been incorrect. The dramatic differentiation of Ebola and Marburg viruses in nucleotide and protein sequences had led to a focus at the level of mammalian genus to subfamily (Peterson et al. 2004b ). However, the only study to date of evolutionary rates and processes in the group (Suzuki and Gojobori 1997) indicates a much younger origin, given relatively fast evolutionary rates in the filoviruses. Finally, we have been criticized for elimination of medium-sized mammals from our candidate reservoir lists. Hence, here, we use results from an exhaustive study of detailed occurrence data for African mammals and ecological niche modeling to assess species-and genus-level distributions of African mammal clades as regards fine-scale coincidence with known filovirus distributional areas.
MATERIALS AND METHODS
Assumptions.-In this study, we largely follow the assumptions outlined in Peterson et al. (2004b) , but with several important adjustments. Briefly, we assumed the following: First, the reservoir is a mammal (Leroy et al. 2005; Murphy et al. 1990; Murphy and Peters 1998; Peters et al. 1993; Swanepoel et al. 1996=) . Second, the reservoir supports persistent, largely asymptomatic filovirus infections, which eliminates most primates and ungulates from consideration (Lahm et al. 2007 ). Third, the geographic distribution of the virus is restricted to the geographic distribution of the reservoir. Fourth, the reservoir has small body size, on the grounds that a larger animal would likely be more memorable, and thus have been noted by index cases who had some sort of contact. Fifth, a coevolutionary link exists between the virus and its reservoir(s). Sixth, the reservoir is not commensal with humans. In the current study, we modified the assumptions of the previous study to allow inclusion of widespread species with ranges that include the ranges of all known African filovirus species, considering that many of these single ''species'' may actually be highly structured genetically, and represent complexes of related species. We also allowed inclusion of larger-sized mammals, up to about 10-15 kg. Finally, and most importantly, we used a considerably more detailed geographic filter in defining geographic coincidence, described in more detail below.
Occurrence data.-Occurrence data for each species listed in the original, coarse-filter analysis (Peterson et al. 2004b) , plus additions based on consideration of widespread species and species of larger body size, were accumulated from natural history museum specimens (Table 1) by direct inspection of specimens and capture of data from specimen labels, by review of digital catalog data provided by collections personnel, or by consulting the Mammal Networked Information System (MaNIS) distributed biodiversity information database system (Stein and Wieczorek 2004) .
Data extracted from these sources (museum, catalog number, species, country, state, locality) were assigned geographic (Kingdon 1997; Rosevear 1969; Wilson and Reeder 1993) . Ecological niche modeling.-To provide further detail and an educated interpolation of likely distributional patterns for each species, we used ecological niche modeling. This general class of procedures is based on known occurrences of species, as they relate to digital raster geographic information system coverages that summarize potentially relevant ecological parameters. The idea is to identify a suite of ecological conditions within which the species in question can likely maintain populations without immigrational input (Grinnell 1917 (Grinnell , 1924 . The result is a picture of the species' potential geographic distribution, defined as the area meeting the species' ecological niche requirements that characterize known distributional areas (Soberón and Peterson 2005) .
We used the Genetic Algorithm for Rule-set Prediction, or GARP (Stockwell and Noble 1992; Stockwell and Peters 1999) , which has seen extensive testing and application to such questions (Peterson and Cohoon 1999; Stockwell and Peterson 2002a , 2002b , 2003 . GARP is an evolutionary-computing approach that relates known occurrences of species to raster data layers summarizing relevant environmental parameters to create a model of the ecological niche of the species, which can in turn be used to identify a potential geographic distribution (Soberón and Peterson 2005) . We used the 19 bioclimatic variables from the WorldClim global 0.178 data set (Hijmans et al. 2005) , plus data on topography and land form, including elevation, slope, aspect, and compound topographic index (United States Geological Survey 2001) to characterize ecological landscapes. All data were resampled to 10 Â 10-km spatial resolution for analysis.
Because our use of GARP is for visualization and interpolation purposes only, and because the technique has been documented in detail elsewhere (Anderson et al. 2002 (Anderson et al. , 2003 Illoldi et al. 2004; Martínez-Meyer et al. 2004; OrtegaHuerta and Peterson 2004; Peterson 2005; Soberón and Peterson 2004 ), we do not provide a full, detailed description herein. We used half of the available occurrence data for training models, and half to provide test data sets that characterized model success in predicting independent occurrence points. Using the GARP algorithm, we developed 100 replicate models for each species, and followed recent recommended protocols (Anderson et al. 2003) in using independent measures of omission and commission (type I and type II) prediction error to identify an optimal 10% of models from the 100 replicate models originally produced; the sum of these 10 models was taken as the best hypothesis of the species' distribution.
Procedures for applying filters.-Known and predicted distributions of each mammal species or set of mammal species making up broader clades were reviewed by ATP, MP, DSC, HL, and James N. Mills (see ''Acknowledgments'') as a group, and compared with the known distribution of filovirus disease outbreaks (Peterson et al. 2004a ; Fig. 1 ) across Africa. We considered 3 features of distributions of mammal clades: whether the geographic distribution of the mammal species or clade overlaps all of the known virus outbreak sites, a criterion that was considered necessary for further consideration; whether the mammal species or clade is distributed more broadly than the virus, and in which directions; and whether single mammal species (using taxonomy from Wilson and Reeder [1993] ) cover the range of multiple virus species or whether multiple mammal species were represented within the distributional area of a particular filovirus species. The latter 2 features of mammalian distributions were not considered to be grounds on which mammal clades would be eliminated from consideration, but they are certainly relevant to the issue, because broad distributions can complicate biogeographic interpretations (Page 2003) . Mammal clades were identified based on traditional, hierarchical taxonomy (Wilson and Reeder 1993) .
RESULTS
In all, 124 mammalian clades were analyzed in this study, representing all genera identified in our previous study; 3 supergeneric clades that were discernable and that appeared to be of particular interest (Chalinolobus þ Glauconycteris, Potamogale þ Micropotamogale, and Heterohyrax þ Procavia þ Dendrohyrax); clades holding species of larger body size, reflecting our modified maximum body size criterion; and 85 widespread single species with distributions that cover the entire known African distribution of the Filoviridae. These 124 clades are listed in Appendix I, along with their characteristics as they pertain to the present study.
Mammal clades showed variable coincidence or noncoincidence with filovirus occurrences (Fig. 2) . In 2 of the examples shown (Hypsignathus monstrosus and Funisciurus), the geographic distribution of the mammal clade covers the entire range of Ebola virus, but does not overlap the entire known distribution of Marburg virus, particularly regarding its southernmost occurrence in Zimbabwe. The other 2 examples (Eidolon helvum and Heliosciurus) overlap the entire geographic distribution known for the filoviruses. As such, the former 2 examples would be discarded using the spatial filters in this analysis and the latter 2 would be retained.
Considering geographic coincidence with the 4 African filovirus species known to date, the distributions of 55 clades covered all virus distributional areas. Of 70 clades eliminated from consideration on grounds of noncoverage of virus distribution, 62-65 were invalidated based on noncoverage of Marburg virus distribution, 7 or 8 based on Ebola Zaire, 5 based on Ebola Ivory Coast, and 3 based on Ebola Sudan (ranges of numbers are provided because some uncertainty remains in the knowledge of distributions of some of the mammalian groups). The recognized range of Marburg virus is extended far to the south (to Zimbabwe) on the basis of a single occurrence, for which the site of exposure is not well understood (Conrad et al. 1978; Peterson et al. 2006 ). This southernmost Marburg outbreak alone was responsible for elimination of .50 of the clades. Thus, the 1975 Zimbabwe case becomes key in narrowing down the suite of possible reservoir clades. Conversely, if the site of this case were somehow to be in error, then these clades would need to see more consideration; however, the recent outbreak in Angola lends considerable credence to the Zimbabwean origin of the 1975 outbreak (Peterson et al. 2006) .
The considerations of overextension, widespread mammal species, and multiple mammal species per viral distributional area are summarized in Appendix I. Only 9 clades showed no overextension; 110-112 clades were overextensive to the west, often to Senegal, where humid rain forest habitats are not present (some uncertainty was present here as to what constitutes overextension, hence the range of numbers), whereas overextension in other directions was less frequent. In 33 cases, mammal clades were overextensive in all 4 cardinal directions, clearly constituting species broadly distributed in the African tropics. Only in 4 cases were mammal species not widespread with respect to the distributions of virus species. Finally, multiple mammal species per viral species' distributional area were also common, occurring in 37 of the 124 mammal clades.
DISCUSSION
We provide a short list of candidate mammal clades for the reservoir(s) of the filoviruses. Although not guaranteed to include the reservoir taxa, we believe that this list at least represents a high-probability set of candidates that can help to simplify, prioritize, and increase the likelihood of success of future reservoir searches. Our inferences regarding distributional areas of mammal species are based on interpretations of ecological niche models derived from locality data associated with natural history museum specimens. Many previous analyses have indicated that this analytical framework offers significant predictive ability regarding geographic distributions of species (Elith et al. 2006; Guisan et al. 2007, in press; Illoldi et al. 2004 ).
Assumptions and their implications.-Our earlier, coarsescale analysis of distributions of African mammals and filoviruses (Peterson et al. 2004b ) incorporated a series of assumptions based on knowledge of filovirus biology and ecology (Murphy 1978; Murphy et al. 1990; Murphy and Peters 1998; Peters et al. 1993 ). The present analysis differs from the original in 3 ways. First, given the likely younger age of the filovirus clade (Suzuki and Gojobori 1997) , we relaxed the assumption regarding cospeciation and close phylogenetic and geographic correspondence with currently recognized mammal species. As a consequence, we included single, widespread mammal species with distributions that overlap the distributions of all of the filovirus species. Second, given the possibility of transmission without direct contact, such as via contact with feces, we relaxed the assumption of small body size to an assumption of small-to-medium body size. Finally, as described below, we imposed a much finer, more detailed geographic filter. Instead of simply requiring representation in western, central, and eastern Africa, we developed fine-scale distributional maps for each component species in each clade under consideration using distributional data associated with natural history museum specimens and ecological niche modeling. This last filter was much more restrictive than our original, regional filter, and produced a significantly shorter set of candidate clades for being the filovirus reservoir.
Admitting species-level taxa in our list brought into the study 85 widespread species with distributions covering all of the African tropics. Although we have relaxed the assumption that the reservoir of the combined Ebola viruses would be a supraspecific taxon, we still suspect that the hosts and viruses have undergone a period of coevolution similar to that shown for other small mammal-borne hemorrhagic fever viruses such as the hantaviruses and arenaviruses. Given a perfect understanding of host and virus taxonomy, such a relationship might predict a genus-level host taxon that would encompass the distribution of all filovirus reservoirs with a single host species within that genus coinciding with the geographic range of each virus species (Ebola Sudan, Ebola Ivory Coast, Ebola Zaire, and Marburg). However, because the radiation of the filoviruses appears to be relatively young and understanding of the taxonomy of African small mammals is incomplete, it is possible that the clade that includes the reservoirs for all filoviruses or some subset of them could be currently recognized as a single widespread species. Upon closer examination, this ''species'' may be shown to consist of several genetically distinct cryptic species or geographic races (Corti et al. 2004; Lavrenchenko et al. 2004) , each associated with a separate filovirus. By admitting medium-sized species as well as those of smaller size, numerous groups were added to consideration, including small carnivores (e.g., Galerella sanguinea), pangolins (Manis), and even some strepsirrhine primates (e.g., Galago).
This 2nd exercise in identification of high-priority taxa for further study leaves only 55 clades on the list, considering species, genera, and a few higher taxa. A significant portion of these clades, nonetheless, has distributions broader than that of the filovirus species, are widespread mammalian taxa with respect to virus species, or present multiple mammal species present per virus species' distributional area. Although we do not consider these points to invalidate a candidate reservoir taxon, they are certainly relevant to the issue of which mammalian taxa are possible candidate reservoir taxa.
The final list for study is quite focused on Chiroptera. Indeed, of the 55 clades, 36 are bats, 6 are small-bodied carnivores, and 6 are rodents; the remainder includes strepsirrhine primates, hyraxes, and pangolins. Shrews are difficult to treat; for example, both Sylvisorex and Crocidura satisfy all of the criteria for inclusion, but the species-level taxonomy is poorly resolved, especially in the latter genus, and several candidate subclades may be included.
Implications for mammalogy in Africa.-The existence of filoviruses and arenaviruses that cause hemorrhagic fevers in African mammals should be a sobering thought for mammalogists working in Africa. Given the close contact involved in preparation activities, transmission of filoviruses to mammalogists could occur easily as they prepare mammal specimens. Although such has not yet to our knowledge occurred, appropriate precautions should be taken, following accepted guidelines (Mills et al. 1995a (Mills et al. , 1995b .
However, mammalogists working in Africa have much to offer and contribute to the ongoing efforts to identify the filovirus reservoir. As discussed in our previous paper (Peterson et al. 2004b ) and above, researchers in on-site investigations and searches for filovirus-infected mammals have used opportunistic methods, and have not conducted systematic efforts to locate and sample all mammal species present at the sites. Prioritizations based on range and other assumptions, such as that presented herein, can identify taxa on which to focus these efforts. As such, involvement of professional mammalogists, who could direct efforts to obtain series of each important taxon, would be critical.
Conclusions.-A recent paper reported finding evidence of Ebola virus infection in 3 species of fruit bats (H. monstrosus, Epomops franqueti, and Myonycteris torquata) in Gabon and the Republic of the Congo (Leroy et al. 2005) . Although no virus could be isolated, detection of specific antibodies for Ebola virus and small quantities of viral RNA suggests that these bat species may be involved in hosting the virus. All 3 species were also retained in our list of taxa that represent potential reservoirs for filovirus (see Appendix I). All 3 or their congeners are widespread and have distributions that include all areas where Ebola virus has been documented.
Epomops franqueti and H. monstrosus even have, in our terminology, overextensive distributions westward. None extends broadly to the areas where Marburg virus occurs. This result is interesting because 1 of our assumptions was that Ebola and Marburg virus are carried by 2 different, but closely related, species, or at least 2 distinct clades within a single species. For example, the related species Epomophorus labiatus has a distribution that does not cover the area where Ebola is expected, but that does include most of the modeled Marburg area, except in Zambia and Zimbabwe.
Considerable attention has been paid to pteropodid phylogeny in the literature on mammalian systematics (Giannini and Simmons 2003; Hollar and Springer 1997; Juste-B. et al. 1999; Romagnoli and Springer 2000) . However, taxon representation is incomplete in all of these studies, and inconsistent between them, because each omits at least 1 of the 3 genera. What is more, even among the 2 most recent studies (Giannini and Simmons 2003; Romagnoli and Springer 2000) , topologies differed significantly, making interpretation difficult. More generally, the questions we pose require a species-level resolution to the phylogenetic tree, so we must await publication of a more finely resolved phylogenetic picture for this family. The phylogenetic relationships among the 3 species that tested positive in Leroy et al. (2005) will be very informative.
Unless these species are very closely related, at least 2 of them were probably positive via spillover to other species from the real reservoir species, which could explain the lack of detection of live virus. Detection of viral material in wild bat species also lends further support to the results of an earlier study, in which experimental inoculation with Ebola virus resulted in successful infection and replication in 3 other bat species, Epomophorus wahlbergi, Mops condylurus, Chaerephon pumilus (Swanepoel et al. 1996) . However, it should be pointed out that the latter 2 species are not fruit bats and belong to a different suborder. This situation again shows the potential for spillover between species, but if spillover happens relatively easy, it raises the question of why ''spillover positives'' were never detected in earlier studies.
Clearly, the ideal next step in identifying the filovirus reservoir will be a multidisciplinary challenge. Molecular genetic studies may allow more accurate estimates of the age of the virus radiation, which may allow a further narrowing of the field of candidate taxa. Most importantly, however, focused and directed searches using nucleic acid probes to examine mammalian tissue samples have an ever-higher probability of success.
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